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Motivation: gluons form the CGC
@00

Current and planned collider experiments

Current collider experiments worldwide

HERA @ DESY

i

LEP, LHC @ CERN
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Motivation: gluons form the CGC
(o] I}

Current and planned collider experiments

RHIC: searching for the wuark Iluon
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Motivation: gluons form the CGC
ooe

Current and planned collider experiments

Particle production at modern colliders

Large amounts of energy available: 200-14000 mproton

)

heavy ions @ RHIC particle & heavy ions @ LHC
@ 200GeV/nucleon pair QGP

@ 4TeV/nucleon pair QGP

@ 14TeV to cross production

thresholds Higgs

amount of data/event = capacity
of phone lines in Europe

QCD drives particle production

@ serious backgrounds for particle searches

@ new physics phenomena

copious gluon

— Color Glass Condensate
production J CGC J
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Motivation: gluons form the CGC
000
Enhanced gluon production at high energies

From photons to gluons

60000
0060000

v

dE do
@ enhanced by phase space integrals ol == o ln £lnd

oo

o all orders calculation needed Z(aslnE)” e

n=0
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Motivation: gluons form the CGC
000
Enhanced gluon production at high energies

From photons to gluons

photon-like contributions QCD: gluons

LT @@Q
G S
@
)

. v

dFE do
@ enhanced by phase space integrals ol = o ln £lnd

(o9)
@ all orders calculation needed Z(aslnE)” e
n=0

@ gluons charged == radiation nonlinear in QCD
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Motivation: gluons form the CGC
o] lo}
Enhanced gluon production at high energies

Kinematic variables: transverse resolution vs energy

v* (from electron)

spacelike!
° Q2 — _q2 > 0 transveise resolution
q Ar~ g ]
g = @@
°T = xBJ T 2p.g  2m BErest

p

proton (nucleus)
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Motivation: gluons form the CGC
o] lo}
Enhanced gluon production at high energies

Kinematic variables: transverse resolution vs energy

spacelike!
transverse resolution

1
A'I"Na

longitudinal

Q@

oL = xBj = 2p.q o 2m Erest

all used
synonymously

1
oY =In— xInF,ext
7%
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Motivation: gluons form the CGC
[ele] J
Enhanced gluon production at high energies

Large energies mean large densities
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resolution, In QQ number of partons
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Motivation: gluons form the CGC
[ele] J
Enhanced gluon production at high energies

Large energies mean large densities
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Motivation: gluons form the CGC
[ele] J
Enhanced gluon production at high energies

Large energies mean large densities
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Motivation: gluons form the CGC
[ele] J
Enhanced gluon production at high energies

Large energies mean large densities

= &
= -9
=l &
ks <
< ‘ ol , CGC )
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5 ° &F
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= &
o0 O =| &
g =2
.| € =
= L3 =
=l 9 parton gas
I >~ |
>~ N -
[ L4 .
& 000 °°% ¢
= [ ) O ® oo
g ®%e *
resolution, In QQ number of partons In Q>

e density == finite correlation length R, ] e Why CGC? |
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Motivation: gluons form the CGC
L]
CGC: why the name

Why the name?

~ Color Glass Condensate |

QCD fields evolve slowly phase space density
relative to ~ 1/ag & saturates

natural scales

[ nothing more specific implied! |
v

quarks and gluons energy, time dilation energy, gluons charged

g ‘ o
g R

3
o <
* %,
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JIMWLK evolution: properties of the CGC

Outline

© JIMWLK evolution: properties of the CGC
@ Gluons in observables
@ The evolution equation
@ The saturation scale
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JIMWLK evolution: properties of the CGC
000

Gluons in observables

Gluon production at increasing energy

splits

~* (from electron) R

proton (nucleus)
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JIMWLK evolution: properties of the CGC
000

Gluons in observables

Gluon production at increasing energy

the photon splits

V\N‘C 7777777

o target gluons Lorentz contracted to d(x ™)
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JIMWLK evolution: properties of the CGC
000
Gluons in observables

Gluon production at increasing energy

the photon splits

o target gluons Lorentz contracted to d(x ™)

@ creation time dilated ~ %
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JIMWLK evolution: properties of the CGC
000

Gluons in observables

Gluon production at increasing energy

the photon splits

o target gluons Lorentz contracted to d(x ™)

@ creation time dilated ~ %

Z § = Pexp —ig/dZMA“(Z) =

=4
gluons p
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JIMWLK evolution: properties of the CGC
(o] le]
Gluons in observables

Eikonal factors arise due to high energies

2

Py 2
emissions > ©

high energy

_ Uz @Q small z (CGC)

‘ Pexp —ig /dzuA"(z)
~

Up, for jets
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JIMWLK evolution: properties of the CGC
ocoe

Gluons in observables

Cross section

i-Ix

opis(Y,Q?) =Im
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JIMWLK evolution: properties of the CGC
ocoe

Gluons in observables

Cross section

energy, In1/z :': - .
l target - I E

O’DIS(}/7 QQ)

- [erwiee)

‘,, s
‘ O dipole
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JIMWLK evolution: properties of the CGC
ocoe

Gluons in observables

Cross section

energy, Inl/x :': - =
l target - E E

ops(Y, Q%)

- [erwiee)

O dipole

@ Odipole CcONtains Uy,
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JIMWLK evolution: properties of the CGC
ocoe

Gluons in observables

Cross section

energy, Inl/x :': - =
l target - E E

opis(Y, Q%) =Im

- [erwiee)

O dipole

@ Odipole CcONtains Uy,

o (...)(Y) hard!
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JIMWLK evolution: properties of the CGC
ocoe

Gluons in observables

Cross section

energy, In1/z :': - .
l target - E E

ops(Y, Q%)

- [erwiee)

w2

O dipole
@ Odipole CcONtains Uy,

o (...)(Y) hard! target wavefunction:
o ’ non-perturbative
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JIMWLK evolution: properties of the CGC
ocoe

Gluons in observables

Cross section

energy, In1/z :': - .
l target - E E

ops(Y, Q%)

- [erwiee)

w2

O dipole

@ Odipole CcONtains Uy,

o (...)(Y) hard! target wavefunction:
o ’ non-perturbative
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JIMWLK evolution: properties of the CGC
ocoe

Gluons in observables

Cross section

energy, In1/z :': - .
l target - E E

opis(Y, Q%) =Im

- [erwiee)

O dipole

@ Odipole CcONtains Uy,

o (...)(Y) hard! target wavefunction:
o ’ non-perturbative

@ Bookkeeping device: (...)(Y) = /ﬁ[U] ... Zy[U]
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JIMWLK evolution: properties of the CGC
[ 1o}
The evolution equation

evolution equation

Hiypw LK[U]
Hynw LI\[U]

P
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JIMWLK evolution: properties of the CGC
[ 1o}
The evolution equation

The evolution equation

Heribert Weigert Nucl. Phys. A703, 2002, 823

diYZy[U] = —Hymwik[U] Zy|U]

Hyniwik[U]
Hyniwix[U]

>(_w\ '\
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JIMWLK evolution: properties of the CGC
[ 1o}
The evolution equation

The evolution equation

Heribert Weigert Nucl. Phys. A703, 2002, 823

diYZy[U] = —Hymwik[U] Zy|U]

Hyniwik[U]
Hyniwix[U]

e

f

mmmp energy dependence of (...)(Y) )
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JIMWLK evolution: properties of the CGC
(o] }
The evolution equation

The Balitsky hierarchy

e JIMWLK <e=> infinite tower of coupled evol. eqgns. J

= 5 fn( ),
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JIMWLK evolution: properties of the CGC
(o] }
The evolution equation

The Balitsky hierarchy

e JIMWLK <e=> infinite tower of coupled evol. eqgns. J

= 5 fn( ),

(T )y =
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JIMWLK evolution: properties of the CGC
(o] }
The evolution equation

The Balitsky hierarchy

e JIMWLK <e=> infinite tower of coupled evol. eqgns. J
~ qab
tr(UzU}) s [ - [Uz]™"2 tr(t*Unt*U}) tr(UzU})
8Y<T>Y - 2’]72 /d Zlcwzy< Nc _2Cf Nc >Y

(T )y =
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JIMWLK evolution: properties of the CGC
(o] }
The evolution equation

The Balitsky hierarchy

e JIMWLK <e=> infinite tower of coupled evol. eqgns. J
~ qab
tr(UzU}) s [ - [Uz]™"2 tr(t*Unt*U}) tr(UzU})
aY<T>Y - 2’]72 /d Zlcwzy< Nc _2Cf Nc >Y

(T )y =

e N, limit factorizes: mmm single closed nonlinear eqn. (BK) J

as N,
272

tr(UU})

aY Sccy = N,

PRy (SaeSey — Soy) S =1 )
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JIMWLK evolution: properties of the CGC
[ Jele]e]

The saturation scale

Saturation scale and cross section
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JIMWLK evolution: properties of the CGC
[ Jele]e]

The saturation scale

Saturation scale and cross section

Correlation length shrinks

1

06 -~ 1
Ny RS (Y) ~ m

02 R;(Y") = correlation length
Q+(Y) = saturation scale

0

rQs(Y0)
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JIMWLK evolution: properties of the CGC
[ Jele]e]

The saturation scale

Saturation scale and cross section

0.6 ].
Ny towards small zy; R (Y) ~ Q, (Y)

02 R;(Y") = correlation length
Q+(Y) = saturation scale

rQs(Y0)

Heribert Weigert Of colored glass and saturation scales



JIMWLK evolution: properties of the CGC
0e00
The saturation scale

. IR safety and scaling

Activity above ~ Q4( )

V.
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JIMWLK evolution: properties of the CGC
0e00
The saturation scale

IR safety and scaling

Activity above ~ Q4( )

@ activity follows Qs(Y")

V.
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JIMWLK evolution: properties of the CGC
0e00
The saturation scale

IR safety and scaling

Activity above ~ Q4( )

av

@ activity follows Qs(Y")
o IR safety

V.
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JIMWLK evolution: properties of the CGC
0e00
The saturation scale

IR safety and scaling

Activity above ~ Q4( )

av

@ activity follows Qs(Y")
o IR safety
perturbative v
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JIMWLK evolution: properties of the CGC
0e00
The saturation scale

. IR safety and scaling

Activity above ~ Q4( )

0.15
Nioos
0

6
4 Y [scale r by

Qs(Y)
Qs(Y0) TQ'5<}/())

o activity follows Q,(Y") From simulations:
o IR safety scaling with QS(Y)
perturbative v [persists @ running coupling]
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JIMWLK evolution: properties of the CGC
[e]e] o]

The saturation scale

: simulations

Simulations show scaling (Rummukainen & H.W)

256° Ry =22

U)/3>

<Tra-u
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JIMWLK evolution: properties of the CGC
[e]e] o]

The saturation scale

: simulations

Simulations show scaling (Rummukainen & H.W)

256" R =22

256° Ry =22

at=25
A A
@ o 08
> f
D D
=8 =%
: > 06 -
g g
c e at=0
= =
v Vv —
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JIMWLK evolution: properties of the CGC
[e]e] o]

The saturation scale

: simulations

Simulations show scaling (Rummukainen & H.W)

256" R =22
e .

<Tr(d- U;uy)/a >
=
< Tr2-uu)s>

Cy 20 40 60 80 100

... in finite window:
e Qs(Y) protects IR v/
o check UV via A(Y) := 9y n Qs(Y)

Of colored glass and saturation scales
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JIMWLK evolution: properties of the CGC
[e]ele] ]

The saturation scale

BK (parent dipole scheme): A( ) =090 InQ4( )

Near scaling despite running coupling A():=0 InQs( )

Q,/ Gev
6 3
10° 10° 100 10 54 3 2
Ly T 045 T T
L B E 0370 E|
= fixed E
e X fouwng =+ 226a/(1+6a"% ]
08~ B £ A=226a - MTfit ]
0.35 ]
03b 3
0.6 — r 3]
i ] 0.25F .
N S F £
0.4 B 021 1
F 1 0.15F E
0215 7 01F ]
I i 005, E
ol nnnnomdl o ol nnomdl_o £ ]
0.01 0.1 1 10 100 ol L L1 L =
HR () 0 01 02 03 0.4
S}
a(Q)
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Experiment

Outline

© Experiment
@ Geometric scaling @ HERA
@ Erasing the Cronin effect @ RHIC
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Experiment
o
Geometric scaling @ HERA

Geometric scaling @ HERA

Apply

]
0.75

Ny 0, 10

Y 0.2%

0

05 Y [scale r by
Qs(Y
rQu(Y0) ey

Qs(y())
to Hera

energy, In1/z

¥

opis(Y, Q%) = Im

Golec-Biernat, Wiisthoff; PRD 60 (1999) 114023 [hep-ph/9903358]

Heribert Weigert Of colored glass and saturation scales



Experiment
[ ]

Geometric scaling @ HERA

Geometric scaling @ HERA

Phenomenological scaling fit to HERA:
U(Ya Q2) ~ F2(Ya Q2) ° Q2

x-evolution, A = 0.188, x = 5.5x10° - 0.025
C — —

to Hera

energy, In1/z

opis(Y, Q%) = Im

Golec-Biernat, Wiisthoff; PRD 60 (1999) 114023 [hep-ph/9903358]
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Experiment
[ ]

Geometric scaling @ HERA

Geometric scaling @ HERA

Phe enological scaling fit to HERA:

2
o6 = o=

BK with running a, A = 0.182

LR B 1 A1 B BB AL

t
. t
MV%W i
ﬁw
¢
#
energy, In1/z éﬁ%ﬂ

l e 01
opis(Y, Q%) = Im ~- f

4/

’

10

L e

[

to Hera

/
0,00t il vl vl vl vl 4

-2 -1 0 1 2 3 4
Golec-Biernat, Wiisthoff; PRD 60 (1999) 114023 [hep-ph/9903358] 10 10 10 100 100 10 10
T
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Experiment
o0
Erasing the Cronin effect @ RHIC

p Au: Cronin enhancement and evolution

What is measured Cronin effect

known from dilute systems
(fixed target experiments)

R"

do_pA 1. 75

RrA _ _&kay s
A doPp 1. 25|

BkdY 1

0. 75|

0. 5

0. 25|

Evolution effects strongest where Qs( ) largest

@ at largest ¥ ==> most forward rapidities (small angles)
@ most central collisions
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Erasing the Cronin effect @ RHIC

Experiment
[ le]

p Au: Cronin enhancement and evolution

What is measured Cronin effect Intuitive explanation

known from dilute systems G0t o
(fixed target experiments)
/\ pe ~ Qs(Y)

doP4

pA _ _d2kdY
R

— doPP
A d2kdY

pA

Evolution effects strongest where Q,( ) largest

@ at largest ¥ ==> most forward rapidities (small angles)

@ most central collisions

Heribert Weigert
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Experiment
[ le]

Erasing the Cronin effect @ RHIC

p Au: Cronin enhancement and evolution

Effect of evoltion

known from dilute systems
(fixed target experiments)

R"
do_pA 1. 75
RpA _ _&kay_ s
A dg'PP 1. 25|
kdy 1
0. 75|
0. 5
0. 25|
1 2 3 4 5
k/Qs

Evolution effects strongest where Q,( ) largest

@ at largest ¥ ==> most forward rapidities (small angles)

@ most central collisions
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Experiment
o] ]

Erasing the Cronin effect @ RHIC

Erasing the Cronin effect on the parton level [BRAHMS]

E n=32 h
: S
o F
F M "
.Y
.
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 T R S
Pr [GeV/c] Pr [GeV/c] Pr [GeV/c] Pr [GeV/c]
2 - T
E n=0 _h;h [ n=1 h;h [ n=22 h [ n=32 h
15 - - -
- F #ﬁ# [ [ E
. 1”#50 ....... S o SR = 0 000 ............... e 00¢ ...........
sk 13 Z}ﬁ‘4*f [ -007 o4
“F @ 0-20%/60-80% F S g
[ O 30-50%/60-80% F F
R S Y E S R R I S R S H B R EE N R
py [GeV/c] py [GeVic] py [GeV/c] py [GeVic]
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Overview and outlook

Outline

@ Overview and outlook
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Overview and outlook

Outlook: phenomena affected by the CGC
o CGCinv*A v

e saturation scale from JIMWLK v/
e geometric scaling in eA v
o diffractive dissociation (rapidity gaps)

[Levin & Kovchegov; H.W.& Hentschinski]
o nonforward scattering, more differential observables

[more detailed info]

o CGC in heavy ion collisions (RHIC & LHC):

e saturation scale & Cronin effect v/
o scales in initial conditions for QGP
e saturation scale & particle multiplicities

o jets in medium @ LHC R
@ COSMIC ray SHOWErS (eemel igh energics]
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Overview and outlook

The olor lass ondensate, a birds eye view

CGC in experiments @:
e RHIC, HERA
e LHC
o EIC (dedicated!)

A

- ‘. Main characteristic:
RHIC@ BNL LEP, LHC @ CERN |§

{ @ correlation length
A 1
Bs(Y) ~ oty

Qs-scaling:
Y dependence

via Qs(Y)
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The JIMWLK Hamiltonian

Outline

© The JIMWLK Hamiltonian
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The JIMWLK Hamiltonian

The JIMWLK Hamiltonian

la 7a 7a a va rrab( xva b -—a v7b
Hymwik = _§7r_; K [zVJ;sz +iV3iVy + Uzb(zva,zvg —‘r’LVIZV;)]J

(®—2) (z—) o _
Razy = ——— 5 [integration convention for x, z, y]
(® —2)2(z — y)?

i1V2 and ¢V2 are functional derivatives:

iV = —[Unt?]

ng = [tan]ji

ji(SUzﬂ‘j 6Uz7ij
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The JIMWLK Hamiltonian

The JIMWLK Hamiltonian

1045 a 7a TaTa rrab (:x7a :x7b x7a, :v7b
Hynwik = —5 = Kasy [iVEIV5 +iV5iV; + U2 (V2V} +N1;zv;)}J

(2 —2) (2 -v) ) ) )
Kezy = ————— [integration convention for x, 2z, y]
(@ — 2)2(z — y)2

i1V2 and ¢V2 are functional derivatives:

iV = —[Unt?] iV = [*Ua]s

76U i

(5Uz?ij

generate |. & r. inv vector fields, r & | rotations:

e—z‘w“(iv“)U _ Ueiw“ta e—iw“(N“)U _ e—iwataU

reps of the algebras:

[(V*,iV’] = if**°iV° [V, iV’ = if**°iV° [iV*,iV’] =0
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The JIMWLK Hamiltonian

The JIMWLK Hamiltonian

1045 a 7a TaTa rrab (:x7a :x7b x7a, :v7b
Hynwik = —5 = Kasy [iVEIV5 +iV5iV; + U2 (V2V} —HVJ;?,V;)}J

(2 —2) (2 -v) ) ) )
Kezy = ————— [integration convention for x, 2z, y]
(@ — 2)2(z — y)2

i1V2 and ¢V2 are functional derivatives:

iV = —[Unt?]

Zv; = [tan]ji

P 5Uq 45 Uz 15

physics content:

o U (iV3iVh +iVeiVy) real emission
° iV§iVy +iVeiVy virt. correction

o real emission term mmm nonlinear evolution
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CGC @ LHC

O CGC @ LHC
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CGC @ LHC

lass @ LHC with nuclei: YES

&
&
CGC S
&N\

&

3
Y =6 g

VQ}@’ LHC@n =10
HERA (e p! X
) &

o /

Y =Inl/my;

parton gas

In Q?

Q = 1GeV Q = 4GeV
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From CGC to QGP

@ From CGC to QGP
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From CGC to QGP

From olored lass to Quark Gluon Plasma

10
Melting color glass
McLerran, Ludlam
Physics Today
Oct 2003

[
(=}

Quark-gluon plasma
(thermalized)

10“ L2

ENERGY DENSITY (GeV/fm?)

<@ core of neutron star

Quark-gluon plasma
plus hadron gas

<@ nuclear matter

1 1 |
0.1 1} 10
TIME (fm/c)
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Running coupling is essential

© Running coupling is essential
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Running coupling is essential

Running coupling is essential

G

Q,/Gev
Fixed coupling, volumes 256° - 8192° 10° 10° 100 10 54 3 2
R R 045 T T ]
25[- ) - n E 0370 ]
L continuum limit from 1D~ 0.4 fixed coupling . 226u/(1+6u°8)7’
------------------------------ £ A=226a - MTHit ]
[ ] 0.35F .
2 N £ 1
] 03F E
15F ] 0.25F E
Ke} r 1 < E e
< r ] = 3
L fixed coupling 4 L ]
1k 8 E E
E o] r ]
F running coupling B i j
0.5 — E ]
Y P N IR B E|
0 0.001 0.002 0.003 0.004 04
all ~ UA a(Q)
o v
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A dependence in e A

© A dependence in e A
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A dependence in e A

A dependence of Q4( ) from BK

naive A'/3 scaling

R~ AVSSEL(Q1)? ~ (Q)2AY?

dilute < (Q4)2(Yo) ~ (QF)2AY3(Yy)
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A dependence in e A

A dependence of Q4( ) from BK

rule of tumb estimate: n — 1/2

Q[;:%(Z;)z = exp {(n aF 1)26(%)71(5/ - Yo) + [ln (W)]n—o—l} =

Q4. (y)2 Y —o0
o e 1
v slowly )
e A = 50:
i ° 13% loss
1f proton fromY =0...5 |
I TR R R
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JIMWLK like jet evolution

@ JIMWLK like jet evolution
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JIMWLK like jet evolution

Non-global ( ) jet observables

Already seen in ete™ — jets @ total energy £/
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JIMWLK like jet evolution

Non-global ( ) jet observables

Already seen in ete™ — jets @ total energy £/

%’% Cout
f o, /,&’»ﬁfw/f < Cu
o e T,

Cout
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JIMWLK like jet evolution

Non-global ( ) jet observables

Already seen in ete™ — jets @ total energy £/

Cont o fix geometry
f’%»;\\ A&/@%ff < Cu @ measure soft rad. into Coyt only

AR

c @ require E Foort < Eout
out

@ evolution equation in In(E/Eoyut)
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JIMWLK like jet evolution

Non-global ( ) jet observables

Already seen in ete™ — jets @ total energy £/

Cont o fix geometry

f:%?:i\\ iy/yﬁff < Cu @ measure soft rad. into Coy only
Cin)\‘/ /r&é‘@/ %L/\Hin Py require Z Esoft < Eout

Cout

@ evolution equation in In(E/Eqyut)

Analogy with CGC amplitudes:
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JIMWLK like jet evolution

Non-global ( ) jet observables

Already seen in ete™ — jets @ total energy £/

Cont o fix geometry
f’%»;\\ /,,#/B%r/f < Cu @ measure soft rad. into Coyt only

LT @"‘%%L/\am

c @ require g FEsort < Eout
out

@ evolution equation in In(E/Eqyut)

recall JIMWLK/BK:

os N

Oy Say = 272

2K axy (SexSay — Sov) Sy =
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JIMWLK like jet evolution

Non-global ( ) jet observables

Already seen in ete™ — jets @ total energy £/

- o fix geometry
f’%;\\ /,&/ﬁfw < Cu @ measure soft rad. into Coyt only

& T
Cin)\‘/ /r&é‘@/ %L/\Hin Py require Z Esoft < Eout

Cout

@ evolution equation in In(E/Eqyut)

JIMWLK like evol. eqns. (BMS, H.W.)

> _
B g Sra = / L () [Spk(B) - SkalE) = Spa(B)]

d>Qy _
kaswpq (k) Spq(E)

Cout

<
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JIMWLK like jet evolution

Jets in a medium

[ i
v Nl

Already for global observables: difference to small z

0990999
4
99099900

’,
|
|
|
-
|
|
|
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JIMWLK like jet evolution

Jets in a medium

Evolution equations change, driven by
| 1 m— | 1

= b
d2Qy, Uk) 2 tr(t*Upt*U})
/‘ pq(m[ } N — —

2 o0 r 1
/ 20 / AL00Y0 ip oo/ po—ia-kn 1o, g ()2
0

4m Podo
Cin
~ 1ab @
[Uk] 51707y02 tr(t [Up]xotb[Ug]yo)

X

Ne
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